Abstract: As the railway industry expands and trains speed-up, the reliability and efficiency of wireless communication systems in high-speed railway have to face the severe challenges. The high-speed brings about more severe Doppler effect, the postponement of handover triggering location and more frequent handover. Therefore the influence caused by the high-speed decreases the reliability of wireless communication network. In this study, considering the decision of 'global system for mobile communication for railway' evolution to long-term evolution for railway (LTE-R) by International Union of Railways, a scheme based on the beamforming and positioning information is proposed to improve the system handover performance for the LTE system which is being applied to the high-speed railway. In the overlapping region, both the current serving eNodeB and the target eNodeB start to use beamforming with different gain factors to improve handover success probability. The results have shown that the proposed scheme increases the handover success probability effectively.
Introduction
In 1998, the global system for mobile communication (GSM) was adopted as European standard for trains communication and control, named GSM-R (GSM for railway) [1] . Actually, the necessary extension from GSM to GSM-R was predicted in 1995 by Hofestadt [2] . He discussed the performance of GSM in high-speed scenario and proposed the forward-looking idea of using location information to assist the handover process which is currently also adopted by some European standards [3] . The information transmitted by GSM-R is mainly for trains control and dispatch and should be of high security class. Therefore the handover process should be with high success probability.
As summarised in [4] , there exist three handover strategies which are mobile-controlled handover, network-controlled handover and mobile-assisted handover. Usually, the handover schemes applied in communication systems of high-speed railway belong to the third type in which both uplink and downlink signals are involved. In early research papers, the signal strength of current field is used as the criterion of handover decision. During a speech call or data transmission process, mobile station periodically reports the signal strength of serving and neighbour cells to the network via the measurement report [5] . As the standards evolved, the signal quality is regarded as a necessary decision-making condition nowadays. According to the technical specifications of long-term evolution (LTE) [6, 7] , the procedure of triggering handover includes three phases: (i) user equipments (UEs) measure the strength or interference level of received signals; (ii) UEs send the measurement report to source eNodeB; (iii) radio resource control of source eNodeB decides whether handover is triggered or not. Generally, the handover decision-making only based on received signal strength (RSS) or interference may result in unnecessary or too early handover triggering. When the signal strength and the interference both have large variations that make it correspondingly difficult to find the right triggering level, the ratio of them which is expressed as signal quality [8] can stay comparable stable within a rather steep fall. With a signal quality measurement, the correlation between signal strength and interference levels can be determined. This properly makes signal quality a more suitable measure in terms of triggering level and helps limiting the false triggering. Pang et al. [9] analysed the influence of handover on transmissions of movement authority. In the context of no change occurring to the structure of networks, it was proposed that handover decision algorithm with dynamic sampling distance can decrease the average number of handovers [1] . As in a cellular environment frequent handovers are obvious and inherent, a handover strategy called neighbour-assisted agent architecture which takes advantage of the ad hoc network to improve handover performance is proposed [10] . Relay technologies may improve the handover performance [11] . Geographic information system can also be used to assist base station selection [12] . On the other hand, some research on the structure of GSM-R networks has been done to guarantee the reliability. The main idea is to deploy redundant double layers network which has two structures: co-sited double layers network and intercross double layers network [13] . Both of them have pros and cons [14, 15] . Although more redundancy of a system means more reliability, the equipments and maintenance costs will go up. The delay effects of inter-base station controller (BSC) handoff and inter-mobile switching center (MSC) handoff cannot be ignored in high redundant networks [16] . Moreover, the interference also affects the GSM-R system performance [17] .
Nowadays, the moving speed of trains becomes higher and higher, which leads to more severe Doppler effect and more frequent handover. To solve these problems, the new technology in GSM evolution can be used in the high-speed railway mobile communication system to adapt to the new requirements. International Union of Railways expresses explicitly that GSM-R will evolve to 4G long-term evolution for railway (LTE-R) directly in the near future because the 3G technology in which high-frequency results in uneconomical network coverage for wide areas is not suitable for the railroad. The network architecture and technical advantages of LTE-R is analysed in [18] .
As we noticed, one of the most advanced technologies of LTE is the beamforming on eNodeB side. It is able to improve the cell coverage and spectral efficiency. In this paper, based on LTE system, a beamforming and positioning assisted handover scheme for high-speed railway is proposed. To explore the advantages of beamforming, eNodeB-side beamforming and the mature communication-based train control technology [19] are combined to improve handover success probability by adjusting the power strength and signal-to-noise ratio of onboard transceiver received signal so that the reliability and efficiency of systems can be guaranteed.
The rest parts of the paper are arranged as follows. Section 2 introduces the system topology and characteristics of beamforming. Section 3 describes the proposed scheme in detail. Section 4 analyses the system performance. Section 5 shows the simulation results. Finally Section 6 concludes the whole paper.
2 System model and beamforming
System model
Wireless communication systems in high-speed railway have the linear coverage topology shown in Fig. 1 . The eNodeB antennas work at either beamforming mode or omnidirectional mode [20] . The eNodeB is with the coverage radius R under the omni-directional mode. The span of overlapping region is a and suppose only in this region the beamforming is switched on. The vertical distance between an eNodeB and the track is d min . The carrier frequency is denoted as f m , m ¼ i, j, k. . .. In Fig. 1 , the train moves towards cell j from cell i along the track. The train measures the quality of the signals transmitted from the source eNodeB i and neighbouring eNodeB j. If the quality of signal from eNodeB j is better than that from eNodeB i for G dB, the handover triggering condition is satisfied.
In this paper, we assume that the Doppler shift caused by high mobility can be almost eliminated by using some offset compensation techniques with the effective channel estimation or predictable speed and location information. In addition, because Doppler effect has the same influence over traditional scheme and our proposal on outage probability, it is not considered in this paper. It is also worth to mention that two neighbouring eNodeBs are within a relatively short distance and railroads are usually built in wide suburban environment, in which multi-path effect is small, therefore only the main path signal is considered. In this paper, it is considered that all the users in the carriage access the LTE system by means of onboard transceiver which is deployed on top of the carriage to forward the information.
In LTE system, downlink power control may disturb the measurement of downlink channel quality indicator (CQI) and conflict with the schedule in frequency domain so downlink power control is forbidden [21] . Under the highspeed scenario, if the handover is not triggered at the proper moment, then failure will happen. On the other hand, changing the threshold smaller to trigger an early handover will lead to Ping-Pong effect. Thus, to solve the above problems, the beamforming technology is introduced in this paper.
Beamforming mechanism
The beamforming technique is a kind of smart antenna techniques. It can be interpreted as linear filtering in the spatial domain [22] . The principle of beamforming is to adjust the weight of the array elements of the antennas adaptively to optimise the quality of signals under certain metrics. In the high-speed railway scenario, the speed of the train is typically higher than 350 km/h. It is impossible for the eNodeB antenna arrays to form a precise narrow beam to trace the fast-moving train. As the beam from the high eNodeB can project certain coverage along the track, it is possible to serve the train with beamforming as long as different positions of the beam can be adjusted in time. In this paper, it is assumed that different beams can have two different beamforming gains generated by different weights of the antenna arrays.
3 Beamforming and positioning-assisted handover scheme
The basic mechanism of beamforming and positioningassisted handover scheme is described in Fig. 2 .
Fig. 1 Network topology diagram
It is reasonable to assume that there are two working states of beamforming with two values of gain: G BF1 and G BF2 (G BF1 , G BF2 ) [23] . Once the train moves into the overlapping region (i.e. the region between D1 and D3), both the source eNodeB i and target eNodeB j switch their working mode from omni-directional to beamforming, the source with G BF2 (beam a) and the target with G BF1 (beam c). When the train passes through the middle point of the overlap (D2), eNodeB i reduces the gain of beam from G BF2 to G BF1 (beam b). The details of this scheme are illustrated in Table 1 .
Performance analysis
LTE has provided a relatively simple propagation channel model in high-speed train conditions, where a single-path fast-fading channel is considered [24] . Specifically for the handover schemes, path loss and shadowing which are relative to distance should also be taken into consideration. In order to compare the differences between the traditional schemes and our proposal, we evaluate the traditional handover scheme first.
Traditional handover scheme
Without loss of generality, assume the train is at the point of x from eNodeB m. The power of received signal from eNodeB m is [25] Pr
where Pr(x) is the RSS received by onboard transceiver at distance x; Pt m is the transmit power of eNodeB m, which is generally defined as P eNodeB ¼ 43 dBm; PL(x) is the path loss at x. And, PL(x) m can be obtained from the following equation
where PL(x 0 ) is the path loss at reference distance x 0 which is evaluated by Hata Model (using the open rural formula because the train runs in open rural area along the track of high-speed railway in our simulation); n depends on the frequency, antenna heights and propagation environment and usually equals 2; 1(m, x) denotes shadow fading with dimension of dB which obeys Gaussian distribution with mean 0 and standard deviation s m . The interference received from co-frequency eNodeB while the train stays in cell m is
where, N eNodeB is the number of co-channel eNodeBs.
Then the quality of received signal while the train is at the distance of x from eNodeB m can be computed in the SIR form
The handover triggering mechanism which depends on signal quality can be expressed as: when the eNodeB signal quality of target cell is larger than that of source for G dB, the train will be handed over to target cell. That is, the handover probability can be expressed as
where R is the cell radius and a is the span of overlapping region. Whereas 1(m, x) N (0, s expressed as (6)
Another important performance metrics is the outage probability. Outage probability refers to the probability that received signal quality is too bad to be properly decoded and leads to link interruption. It is assumed that when the SIR of received signal is smaller than a threshold g th (dB), the outage happens
In the traditional handover schemes, there are at least three conditions to be satisfied in order to guarantee the handover success probability: (i) no outage happens before the handover triggering location; (ii) the handover is successfully triggered; (iii) after the handover triggering location, no outage happens. A handover is defined successful if and only if the above three conditions are satisfied. Therefore the handover success probability can be expressed as follows
Our proposed scheme
Our proposal concentrates on the handover performance in overlapping region. During the whole process of the train moving through the overlapping region, the source and target eNodeBs have different adjustment on beamforming gains, so the strength of received signals from the source eNodeB i can be expressed as
where Pt i ¼ P eNodeB 2 G BF2 , according to Table 1 in Section 3.
On the other hand, while the train is at the distance of x from source eNodeB i, the distance between the train and the target eNodeB j is y ¼ 2R-a-x (0 , x , 2R-a) . In the whole overlapping region, the strength of received signals from the source eNodeB j can be expressed as (10) where y belongs to (2R-a-D3, 2R-a-D1); Pt j ¼ P eNodeB .
Although it seems that the power of source eNodeB is not changed, the use of beamforming results in lower transmit power of source eNodeB and less interference. We use b as the interference canceller factor to denote the reduction of interference which is one of the features of beamforming. Then the interference received from co-frequency eNodeB by the train can be expressed as
where N eNodeB is the number of co-channel eNodeBs. The quality of received signal from eNodeB m can be expressed as
Therefore in our proposed scheme, the handover probability can be expressed as (see (13) In view of the interference canceller factor b, the outage probability is reduced obviously. Then the handover success
probability can be expressed as
5 Simulation results
The simulation results and analysis is shown in this section to verify the effect of the proposed scheme. Detailed simulation parameters are shown in Table 2 .
The signal quality received from source eNodeB shown as the line with circle and the signal quality received from target eNodeB shown as the line with diamond in Fig. 3 both obtain obvious improvement after the train moving through the overlapping region edge (D1) because of the interference cancellation benefiting from the beamforming technique. Source eNodeB and target eNodeB start to beamform simultaneously with different gain factors. When the train goes through the middle (D2) of the overlapping region, source eNodeB switches to smaller gain factor in favour of handover trigger.
Figs. 4 and 5 illustrate the relationship between handover triggering as well as success probability and the location of the train, respectively, in which the line with circle denotes the proposed scheme and the line with star denotes the traditional one. For the traditional handover scheme, the best handover triggering location is at x ¼ 2.65 km. The overall handover success probability is relatively low. For the proposed one, the best handover triggering location is around x ¼ 2.4 km which is in the middle of the overlapping region. Meanwhile, the signal quality from target eNodeB is good enough to satisfy the minimal communication requirement without outage. 
Conclusion
The broadband wireless communications system for highspeed railway is facing some challenges on reliability and efficiency which is brought by high mobility. Considering the decision of GSM-R evolution to LTE-R, in this paper, the beamforming technique of LTE is employed to solve the handover failure caused by untimely trigger through adjusting beamforming gain at specific time. The main function of beamforming in handover process is similar to omnidirectional antenna with power control; however, it is simpler and more efficient as well as avoiding affecting the downlink CQI measurement which is one shortcoming of power control schemes. The performances of traditional handover scheme and the proposal are analysed and compared in details. This part of work provides further improvement a general basis. Simulation results show that handover success probability is increased greatly. The simple adjustment of beamforming gains has obvious benefit to handover performance. However, the proposed scheme is effective under the conditions that onboard transceivers are deployed and gain values are efficiently adjusted by beamforming matrix.
